The cerebral cortical cup technique was used to monitor changes in adenosine and inosine levels in the rat cerebral cortex during periods of hypoxia, anoxia, or hemorrhagic hypotension. Basal levels of adenosine and inosine in cortical perfusates stabilized within 10 min at concentrations of 30-50 and 75-130 nM, respectively. Comparable levels were observed in normal CSF col lected from the cisterna magna. Reductions in the oxygen content of the inspired air (14, 12, 8, and 5% oxygen) re sulted in increases in the adenosine and inosine levels in the cortical perfusates, the magnitude of the increase being progressively more pronounced with greater reduc-
tions in the oxygen content. Cerebral anoxia/ischemia, induced by 100% nitrogen inhalation, caused a rapid in crease in the adenosine and inosine contents of the cor tical perfusates. Hemorrhagic hypotension (46.1 ± 1.7 mm Hg) of 5 min duration did not result in an elevated adenosine or inosine release. The results suggest that in terstitial fluid adenosine levels are likely to be in the low nM range in the normoxic animal and are capable of rapid increases during hypoxic or anoxic episodes. The findings support the adenosine hypothesis of CBF regula tion. Key Words: Adenosine-Cerebral blood flow-Ce rebral cortex-Hypoxia-Rat.
has been used to measure the release of adenosine and inosine from the dorsal surface of the brain into an artificial CSF perfusate. This present article confirms that hypoxic or anoxic challenges increase the concentrations of adenosine in extracellular compartments of the brain. The levels of adenosine in the interstitial fluid, as measured by the cortical cup technique, appear to be considerably lower than those estimated in brain dialysis experiments.
These results offer further evidence that adenosine is an important regulator of CBF in animals ex posed to hypoxic or anoxic challenges.
METHODS

Animal preparation
Adult male Sprague-Dawley rats weighing 350-500 g were anesthetized with halothane. After tracheal cannu lation, anesthesia was maintained with methoxyflurane in air. Body temperature was maintained at 37°C with a heating pad controlled by a rectal probe. One or both femoral arteries were cannulated for measurement of ar terial blood pressure (Statham pressure transducer) and the withdrawal of arterial blood samples for blood gas and pH analysis (0.3 ml), or for removal of blood to in duce a hemorrhagic hypotension.
Animals were then placed in a stereotaxic instrument, and the dorsal and dorsolateral surfaces of both cerebral hemispheres were exposed by careful removal of the overlying frontal and parietal bones. A thin strip of bone was left intact along the mid-line to protect the dorsal sagittal venous sinus. The dura mater-arachnoid mem brane complex overlying both hemispheres was carefully incised and reflected to expose the brain. Complete he mostasis was essential to prevent contamination of the artificial CSF with red blood cells and platelets, that are capable of releasing adenine nucleotides and adenosine in sufficient amounts to affect estimates of adenosine and inosine in perfusates (German and Kredich, 1984) . Rect angular cortical cups suspended in flexible mounting brackets (Phillis et aI., 1980) were then lowered onto both cortices so that the frontal, parietal, and occipital cortical surfaces were exposed within the cups. Each cup was then filled with an artificial CSF solution to ensure that there was no leakage of fluid. The dorsal surface of the head was then covered with a mixture of 4% agar in arti ficial CSF to stabilize the cups and protect the exposed tissue from drying. The artificial CSF consisted of Na+ 155.8 mEq/L, K + 2.95 mEq/L, Ca + + 2.5 mEq/L, Mg+ + 1.85 mEq/L, Cl-141.13 mEq/L, HC03 -22 mEq/L, dex trose 66.5 mg/dl, urea 40.2 mg/dl. Osmolarity of this solu tion is 302 mOsm/L. The fluid was equilibrated with 5% CO2 and warmed to 37°C. A second series of animals was prepared for the collec tion of natural CSF from the cisterna magna. After in duction and maintenance of anesthesia as described above, one femoral artery was cannulated for arterial blood pressure measurement and blood gas analysis. The animals were then placed in a stereotaxic instrument, and the neck muscles covering the occipital bone and atlanto occipital membrane were reflected. A small hole was made in the membrane through which a PE-50 tube was inserted into the cisterna magna. CSF was allowed to drip from the tube into collecting microvials.
Experimental protocols
Three experimental protocols were followed in the ce rebral cortical release experiments. In the majority of ex periments, the animal was allowed to respire a hypoxic gas mixture (14, 12, 8, or 5% oxygen in nitrogen) for a predetermined period. In a second series of experiments, the animals inhaled 100% nitrogen, and in the third group of experiments, blood was withdrawn to induce a hemor rhagic hypotension. In all of the hypoxia experiments, 125 fl.l of artificial CSF was placed in each cup for a pe riod of 5 or 10 min. At the expiration of the collection period, this fluid was withdrawn with a Pasteur pipette and replaced with another 125-fl.1 aliquot. The collected fluid was ejected into a chilled microvial inserted into a container of ice chips and stored until assayed for purines. After a series of control collections, the animal was exposed to an appropriate hypoxic gas mixture (using precalibrated flow meters) for a 5-or lO-min pe riod. Cortical collections were removed at the end of this period, and the cups refilled for measurement of purine release during several ensuing recovery periods. Arterial blood samples were taken before, near the end of, and after recovery from the 5-or lO-min period of hypoxia.
In the anoxia experiments, two 5-min controls for purine release were obtained prior to connecting the an imal to 100% nitrogen. Administration of nitrogen was continued until respiration ceased and the animals were allowed to asphyxiate. During this period, a succession J Cereb Blood Flow Metab, Vol. 7, No.6, 1987 of 2-min collections of cortical perfusate were obtained. Arterial blood pressure dropped rapidly with the cessa tion of respiration, and the heart stopped beating 2-4 min after the onset of anoxia. To eliminate delays in the onset of hypoxia or anoxia, two identical vaporizers (British Oxygen Corporation) were used for methoxyflurane and gas mixture administration. The appropriate oxygen mix ture or nitrogen was flushed through the second vapor izer for several minutes prior to connection to the animal, so that the onset of hypoxia or anoxia was immediate.
HPLC procedures
The perfusate samples were centrifuged (5 min, 1,200 g, 4°C), and the resulting supernates were analyzed for adenosine, inosine, and adenine nucleotides using high performance liquid chromatography (HPLC). The chro matographic system consisted of a Waters Associates' M600A pump, U6K injector, in-line filter and precolumn, RCM-100 radial compression module with resolve 5 fl.m-CJ8 stationary phase, 450 variable wavelength absor bance detector and a Spectra-Physics 4270 integrator.
The chromatographic analysis was performed isocrat ically using a moving phase composition of: 0.22 M, pH 6.8 phosphate buffer with 7% methanol (vol/vol) as or ganic modifier and 2.5 mM tetrabutylammonium phos phate as paired-ion chromatography reagent (PIC-A, Waters Associates). This elution system was derived from the work of Ingebretsen et al. (1982) .
The postcolumn effluent stream was monitored for chromatographic peaks at an absorption wavelength of 260 nM. Peaks were identified and quantified by com paring retention times, peak heights, and areas with those of known standards. Minimal detectable levels of adeno sine and inosine were I and 2 pmol, respectively, which with a 100-fl.1 injection volume of perfusate corresponded to 10 nM adenosine and 20 nM inosine concentrations.
The data in Ta bles 1-4 is presented as the means ± SEM. A paired t test was used to make statistical com parisons of the mean values of different conditions within the same groups of animals. A p value of <0.05 was ac cepted as indicating statistically significant differences.
RESULTS
Hypoxias
Cortical perfusate concentrations of adenosine and inosine varied from animal to animal and tended to fall as the experiment progressed with adenosine levels sometimes barely exceeding the detection threshold of the HPLC assay « 1 0 oM).
In the examples presented in Table 1 , mean basal levels of adenosine in samples collected for 10 min or longer ranged from 31.4 ± 11.3 to 49.3 ± 10.2 nM. Inosine levels were generally higher, ranging from means of 76.9 ± 15.3 to 131.0 ± 41.5 nM ( Table 1) . Adenosine levels in the perfusates had reached stable levels within 10 min of incubation and longer exposures of the perfusate for 20 or 40 min did not result in further increases in purine levels (Table O . Preincubation of the cerebral cortex with dilazep (2 x 10 -5 M), a potent adeno sine uptake inhibitor (Phillis and Wu, 1982) , for 30 min resulted in a small increase in the release of adenosine and inosine into the cortical cups. In this series of five animals, the levels of adenosine in the cups increased insignificantly from 21.7 ± 6.6 to 28.2 ± 8.5 nM after exposure to dilazep: inosine levels actually decreased slightly from 115.4 ± 18.4 to 83.2 ± 12.8 nM.
The effects of a reduction in inspired oxygen to 14% on adenosine and inosine release were ascer tained in 13 cortical perfusates ( Table 2) . A lO-min, 14% hypoxic challenge was associated with a small fall in MABP from 103.8 ± 4.5 to 98.8 ± 2.5 mm Hg, a small decrease in Paco2, and a fall in Pao2 from 112.7 ± 14.7 to 80.6 ± 8.9 mm Hg ( Table 3) .
During the lO-min period of hypoxia there were in significant increases in the concentration of adeno-sine and inosine in the cortical perfusate ( Table 2) .
During the first recovery period, the amounts of adenosine released declined, whereas inosine re lease remained elevated above control levels.
Adenosine and inosine levels returned to control during the second recovery period.
A lO-min exposure to 12% oxygen in the inspired air resulted in a more pronounced fall in MABP to 65.4 ± 4.4 mm Hg (Table 3) . Paco2 fell and Pao2 declined to 63.8 ± 6.0 mm Hg. This was associated with a significant increase in the rate of release of adenosine into the cortical perfusate and an insig nificant increase in inosine release ( Table 2 ). The tendency for an increased release of both sub stances continued into the first and second re covery periods.
Inhalation of 8% oxygen in nitrogen for 5 min caused significant increases in adenosine and ino sine release (Table 2) , that were more marked during the first recovery period but had started to decline during the second recovery period. Ex amples of adenosine release during inhalation of 8% oxygen are shown in Fig. 1 . Increases in adenosine and inosine ( Table 2 ) release were most pronounced in the first recovery period. Adenosine release re turned to near control levels during the second re covery period, although inosine levels were still Values represent means ± SEM. Values in parentheses represent the percentage increases above control levels. Adenosine and inosine values expressed as nanamoles per liter. Recovery periods were of 10 min duration for 14 and 12%, and 10-min 8% oxygen challenges , and of 5 min duration following the 5-min 8 and 5% oxygen challenges and the hypotensive challenge. n, number of collec tions. a p < 0.05. bp<O.OI. c p < 0.001. d MABP = 46.1 ± 1.7 elevated. When the period of exposure to 8% ox ygen in nitrogen was extended to 10 min, there was an even greater increase in release during the chal lenge period. With the longer challenge, adenosine levels declined during the first recovery period, al though inosine release continued to increase. As il lustrated for an individual experiment in Figure 1 , MABP fell substantially during a 5-min inhalation of 8% oxygen, falling from a mean of 106.4 ± 4.5 to 55.8 ± 4.0 mm Hg. Paco2 and Pao2 levels also fell, with a mean Pao2 of 47.0 ± 6.5 mm Hg. Similar changes were observed with the lO-min challenge.
The results with 5% oxygen inhalation were sim- 5 min) , normoxic, perfusate, the rat was connected to an 8%-oxygen-in-nitrogen mixture for 5 min. Blood pres sure fell rapidly, and the adenosine concentration in the per fusate rose slightly. The animal was then reconnected to air and blood pressure recovered rapidly. Adenosine release into the perfusate rose markedly during the first recovery pe riod and then returned to near control rates during the sub sequent two collections. ilar to, but even more pronounced, than those with 8% oxygen inhalation. Falls in MABP during 5% oxygen respiration were more variable than those . observed when 8% oxygen was administered and the mean of the falls in arterial blood pressure re corded at the end of challenges in all experiments was less pronounced than with the latter. Heart rate and pulse pressure were noticeably elevated during many of the 5%-oxygen challenges. Adenosine and inosine concentrations were elevated in the cortical perfusates, with the most pronounced increases again occurring in the first recovery period.
Hypotension
A prominent effect of the severe hypoxic chal lenges was the accompanying fall in arterial blood pressure (Table 3) . This raised the possibility that the increases in adenosine and inosine in the cor tical perfusates during these challenges were sec ondary to the hypotension, rather than the hypoxia itself. To control for this possibility, animals were rendered hypotensive by the withdrawal of arterial blood. The MABP for these animals was 46.1 ± 1.7 mm Hg, the degree of hypotension being somewhat more severe than that occurring during the inhala tion of 8% oxygen. This degree of hypotension pro voked an increased respiratory effort, which in turn led to a reduction in Paco2 and an increase in Pao2 (Table 3) . There was no change in the rate of release of adenosine and inosine into the cortical per fusates (Table 2) .
Anoxia
Inhalation of 100% nitrogen produced increases in the rate of efflux of adenosine and inosine into the cortical perfusate. During the control collection period (5 min), adenosine and inosine concentra- tions in the perfusate were 17.8 ± 6.0 and 160.0 ± 67.2 nM, respectively (Fig. 2) . The rate of release increased slightly during the first 2-min period of nitrogen inhalation and increased markedly during the second 2-min collection period. Purine release continued to rise even after cessation of respiration and cardiac contractions (Fig. 2, last 
two collection periods).
Adenosine and inosine in CSF from the cisterna magna CSF drained from the cisterna magna at a rate of 3.08 ± 0.23 IJJ /min. Adenosine and inosine levels were low, 31.5 ± 7.6 and 34.0 ± 26.8 nM (mean ± SEM), respectively (Table 4 ). To ensure that adeno sine was not undergoing de ami nation after entry into the CSF, experiments were conducted in which exogenous adenosine was incubated with CSF for periods of 5, 10, 20, and 40 min at 37°C. As there was no loss of adenosine during these incuba tions, it can be assumed that CSF contains negli gible amounts of adenosine deaminase or of other adenosine degrading enzymes.
DISCUSSION
The metabolic regulation of CBF in response to hypoxia/anoxia is well documented (Kontos, 1981;  Heistad and Kontos, 1983) , although the identity of the mediator(s) involved has not been established. Adenosine has been proposed as a regulator of CBF (Berne et aI., 1974; Winn et aI., 1981b) . As such, when the local oxygen supply is inadequate to maintain a given metabolic level, the release of adenosine from the cells in this area into the inter stitial fluid would be enhanced. This imbalance be tween perfusion and metabolic activity, on a local level, would be rectified by the vasodilatory action of adenosine on the vessel servicing the hypoxic re gion. Findings that adenosine concentrations in brain tissue increase during periods of reduced ox ygen supply (Berne et aI., 1974; Rubio et aI., 1975; Winn et aI., 1981a) or when cerebrarmetabolic ac tivity increases (Rubio et aI., 1975; Schrader et aI., 1980; Winn et aI., 1980a ) support the adenosine hy pothesis of regulation of CBF. Increases in CSF adenosine concentrations during hypoxia have been documented (Berne et aI., 1974) . Adenosine is a potent dilator of pial vessels (Berne et aI., 1974; Wahl and Kuschinsky, 1976; Morii et aI., 1986) . The increases in rat CBF during hypoxic challenges are reduced in intensity and duration by prior adminis tration of adenosine antagonists, e.g., theophylline, caffeine (Morii et aI., 1985; Phillis et aI., 1984) and enhanced by adenosine transport or deaminase in hibitors (Phillis et aI., 1984 (Phillis et aI., , 1985 . Adenosine de aminase placed in the artificial CSF under cranial windows in cats caused a significant reduction in hypoxia-induced dilation of pial vessels (Kontos and Wei, 1981) . Although the adenosine hypothesis is supported by the observation that brain tissue adenosine levels increase in a variety of conditions in which oxygen availability is reduced, it must be acknowl edged that changes in brain tissue adenosine may not accurately indicate the changes in interstitial fluid adenosine concentrations to which the cere bral vessels are exposed. Recently a brain dialysis technique has been used to allow direct sampling of cerebral interstitial fluid adenosine levels (Zetter strom et aI., 1982; Van Wylen et aI., 1986) . Using this technique, interstitial fluid adenosine and ino sine levels in the brain have been estimated to be 1-2 and 3 j.LM, respectively.
The primary disadvantage of the brain dialysis technique is the tissue trauma and occlusion of blood vessels caused by the implantation of the di alysis cannula. This was well illustrated in both sets of experiments by the gradual decrease in adeno sine concentration in the initial 60-to 90-min obser vation period following implantation of the dialysis tube. The possibility, therefore, exists that intersti tial fluid levels of adenosine, as measured by the dialysis technique, are higher than those in a normal, undamaged brain.
To circumvent this problem, a cerebral cortical cup technique was employed in the present experi ments. This approach, originally developed for studies on acetylcholine release from the cerebral cortex (MacIntosh and Oborin, 1953; Phillis, 1968; Pepeu, 1973) , confers the significant advantage of not involving any damage to the surface of the brain. Equilibration of adenosine between brain and artificial CSF in the cups was achieved within 10 min (Table 1 ). Adenosine concentrations in the perfusates were in the range of 30-50 nM. Inosine levels were higher (75-130 nM). It is interesting to note that in a comparable series of experiments, adenosine concentrations in chambers attached to the epicardial surface of the dog heart were ob served to reach constant levels of 0.07 -0.15 jJ.. M within a contact time of 4 min . The constancy of the chamber adenosine levels for long periods of time was taken as an indication of equilibration of adenosine between the fluid in the chamber and the interstitial fluid near the surface of the heart. The concentrations of adenosine and ino sine detected in the present experiments are nearly two orders of magnitude lower than those esti mated with the brain dialysis technique (Zetter strom et al., 1982; Van Wylen et al., 1986) , raising concerns that the pial membrane may constitute an effective barrier to adenosine's free diffusion be tween brain and CSF. This possibility appears to be unlikely. Adenosine applied topically onto the ex posed cerebral cortex readily dilates subpial vessels at concentrations as low as 10 -7 M (Morii et al., 1986) and must, therefore, have ready passage through the pial membrane. Adenosine and inosine levels in the cortical perfusates increased rapidly during hypoxia or anoxia indicating a lack of diffu sional barriers. Furthermore, preincubation of the cortex with a potent adenosine uptake inhibitor, di lazep, resulted in only a small increase in adenosine release into the cortical cups.
In order to determine whether the adenosine concentrations in the artifical CSF bathing the cor tical surface were comparable to those in normal CSF, the latter was collected from the cisterna magna. Adenosine levels in normal CSF were in the 10-70 nM range (mean 31.5 ± 7.6 nM) and were therefore similar to those in the cortical perfusates. These levels are comparable to those reported for dog CSF, i.e., not detectable or 600 nM (Berne et al., 1974; Winn et al., 1980b) , rabbit CSF, i.e., 100 nM (Eells and Spector, 1983) , and human CSF i.e., 40 nM (Sollevi, 1986) . Adenosine was stable in normal CSF, with no loss of added exogenous J Cereb Blood Flow Metab, Vol. 7, No. 6, 1987 adenosine occurring during a 40-min incubation pe riod at 37°C. The stability of adenosine in dog CSF has previously been reported (Berne et al., 1974) . The low adenosine levels in normal CSF are, there fore, likely to reflect low levels of adenosine in the interstitial fluid of brain, rather than a loss of aden osine subsequent to entry into the CSF. The con clusion that extracellular adenosine concentrations in the brain of normoxic anesthetized rats may be in the 10-100 nM range is consistent with earlier observations of a failure of adenosine antagonists to affect basal CBF or pial vessel diameter, in the anesthetized rat (Phillis et al., 1984; Morii et al., 1985) . This lack of effect of methyl xanthine antago nists on basal CBF suggests that adenosine is not an important factor in the regulation of vessel tone in the normoxic brain of anesthetized animals, and provides an indication that extracellular levels of adenosine are likely to be < 10 -7 M (Morii et al., 1986) under these conditions.
Exposing rats to various degrees of hypoxia not only decreased Pao2, but also resulted in hypoten sion and moderate hypocapnia. Both hypotension and hypocapnia have been shown to be associated with increases in brain tissue adenosine levels (Winn et al., 1980c; 1981a) that may have been sec ondary to a decrease in oxygen delivery to the brain due to a reduction in CBF. The role of hypotension as a contributor to the increase in adenosine and inosine release into cortical perfusates was evalu ated by inducing a hemorrhagic hypotension of even greater magnitude than that occurring during the hypoxic challenges. The results presented in Ta ble 2 demonstrate that a hypotension of 46.1 mm Hg failed to increase adenosine or inosine release into the cortical prefusates. The failure of a mod erate hypotension of 5-min duration to release adenosine indicates that autoregulation during such reductions in arterial blood pressure is not me diated by this purine. A similar conclusion has very recently been reached on the basis of stable adeno sine levels in rat brain dialysates during moderate hypotension (Van Wylen et al., 1987) . This conclu sion is also consistent with an earlier report that ce rebral vascular autoregulation during comparable hemorrhagic hypotension was unaffected by caf feine (Phillis and DeLong, 1986) .
Increases in adenosine and inosine efflux into the cortical perfusates was observed during and after all four (14, 12, 8, and 5%) hypoxic challenges. The variability of the results, with consequent large standard errors, precluded the data from reaching significance for the 14% challenge, but enhanced levels of release of adenosine and inosine were ob served with the other (12, 8, and 5% oxygen) chal-lenges. The adenosine release elicited by the two, 5-min hypoxic challenges (8 and 5%) peaked during the first recovery period following the challenge. This observation suggests that the rate of adenosine generation was probably incrementing as brain ox ygen levels fell progressively during the challenge. It is unlikely that the delayed peak release was de pendent upon reoxygenation, as a prolongation of the 8% oxygen challenge to 10 min resulted in a maximal release of adenosine during the challenge period itself. Furthermore, a similar pattern of in crementing adenosine and inosine release was evi dent during the successive 2-min anoxia (100% ni trogen) collection periods (Fig. 2) . The peak in creases in adenosine concentrations in the cortical perfusates (34-and 38-fold respectively, for 8% and 5% oxygen mixtures) are considerably greater than the three-fold increases observed by Zetterstrom et ai. (1982) using a 9% oxygen mixture or the lO-fold increase reported by Van Wylen et ai. (1986) for an average Pa02 of 41.9 ± 2.7 mm Hg. This difference may be largely due to the higher basal levels of adenosine release from the normoxic brain re corded in the dialysis experiments. The levels of adenosine released into cortical perfusates during 8% and 5% oxygen hypoxias (0.5-1 fLM) were very similar to those observed in the dialysis experi ments with comparable hypoxias (Zetterstrom et aI., 1982; Van Wylen et aI., 1986) . This finding rein forces the likelihood that adenosine levels in the cortical surface perfusates closely reflect those in the brain interstitial fluid.
In conclusion, these data show that the rate of adenosine release into cerebral cortical perfusates increases during hypoxia and anoxia, but is unaf fected by moderate levels of hypotension. The data add further support to the adenosine hypothesis of cerebral blood flow regulation in situations in volving a fall in brain oxygen tensions. Adenosine concentrations in the cerebral interstitial fluid may be lower than those estimated by the brain dialysis experiments.
